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Chilled Aeration to Control Pests and Maintain Grain Quality during Summer 
Storage of Wheat in the North Central Region of Kansas 
Abstract 
Chilled aeration allows grain to be cooled, independent of ambient conditions, to “safe” temperatures at 
which insects, fungi, and spoilage development are reduced to a minimum. The objective of this research 
was to evaluate the advantages of using grain chilling to preserve the quality of grain and reduce post-
harvest losses caused by insects and fungi, compared to the conventional aeration and storage strategies 
used during summer storage in central Kansas. The research trials were developed at a farmer‘s 
cooperative in central Kansas in 2015 and 2016 on low-moisture wheat harvested during the summer of 
2015 and 2016, respectively, and stored in two 1,350 metric ton (t) steel silos in which one was chilled 
and the other was used as a control managed by the cooperative. Temperature of the grain inside each 
silo was monitored with temperature cables. Variables evaluated were: moisture content (MC), grain and 
flour quality, insect-pest development and reproduction rate, insect fragments per 500 g of grain, and 
fungi presence. In 2015, the chilling treatment reduced the grain temperature from 28°C to 17°C in 
approximately 175 h, while in 2016 it took 245 h to reach about the same temperature with an initial grain 
temperature of 39°C. Grain temperatures below 25°C were not achieved in the control silo during the 
summer using ambient aeration. Minimum variation of MC was observed in the Chilled silo while ambient 
aeration reduced the moisture content by 0.5%. Reproduction rates of the red flour beetle and lesser grain 
borer were significantly reduced by chilling temperatures lower than 17°C. Lower temperatures also 
reduced insect populations detected in probe traps and insect damaged kernels. Insect fragments and 
fungi presence had no significant increase throughout the trials in either of the silos. No clear evidence of 
flour quality being better preserved at lower temperatures was detected. The energy cost of running the 
grain chiller was between 0.26-0.32 $/t higher than ambient aeration. 
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CHILLED AERATION TO CONTROL PESTS  
AND MAINTAIN GRAIN QUALITY DURING  
SUMMER STORAGE OF WHEAT IN THE  
NORTH CENTRAL REGION OF KANSAS 
A. Morales-Quiros, C. A. Campabadal, D. E. Maier,  
S. Lazzari, F. Lazzari, T. W. Phillips 
 
ABSTRACT. Chilled aeration allows grain to be cooled, independent of ambient conditions, to “safe” temperatures at which 
insects, fungi, and spoilage development are reduced to a minimum. The objective of this research was to evaluate the 
advantages of using grain chilling to preserve the quality of grain and reduce post-harvest losses caused by insects and 
fungi, compared to the conventional aeration and storage strategies used during summer storage in central Kansas. The 
research trials were developed at a farmer’s cooperative in central Kansas in 2015 and 2016 on low-moisture wheat har-
vested during the summer of 2015 and 2016, respectively, and stored in two 1,350 metric ton (t) steel silos in which one was 
chilled and the other was used as a control managed by the cooperative. Temperature of the grain inside each silo was 
monitored with temperature cables. Variables evaluated were: moisture content (MC), grain and flour quality, insect-pest 
development and reproduction rate, insect fragments per 500 g of grain, and fungi presence. In 2015, the chilling treatment 
reduced the grain temperature from 28°C to 17°C in approximately 175 h, while in 2016 it took 245 h to reach about the 
same temperature with an initial grain temperature of 39°C. Grain temperatures below 25°C were not achieved in the 
control silo during the summer using ambient aeration. Minimum variation of MC was observed in the Chilled silo while 
ambient aeration reduced the moisture content by 0.5%. Reproduction rates of the red flour beetle and lesser grain borer 
were significantly reduced by chilling temperatures lower than 17°C. Lower temperatures also reduced insect populations 
detected in probe traps and insect damaged kernels. Insect fragments and fungi presence had no significant increase 
throughout the trials in either of the silos. No clear evidence of flour quality being better preserved at lower temperatures 
was detected. The energy cost of running the grain chiller was between 0.26-0.32 $/t higher than ambient aeration. 
Keywords. Ambient aeration, Grain chilling, Grain quality, Stored-product fungi, Stored-product insects, Summer storage, 
Wheat. 
heat harvest during the summer season in the 
Northern Hemisphere takes place when the 
ambient temperature is high, typically 26C 
to 40C. In these conditions, wheat can go 
into storage at a high temperature, which makes it prone to 
immediate insect infestation and mold growth that can affect 
its quality. Therefore, it is imperative that it is cooled as soon 
as possible (Reed and Arthur, 2000). Unfortunately, cool am-
bient conditions for fan aeration may be limited during the 
summer season, thus use of chilled air could be considered. 
Chilled air refers to aeration air that is cooled before it comes 
in contact with grain by first passing through an evaporator 
coil of a grain chilling machine (Maier and Navarro, 2002). 
When the chilled air comes in contact with grain, it lowers 
its temperature, independent of ambient conditions (Maier 
and Navarro, 2002). This technology makes it possible to 
cool grain temperature between 20C and 15C immediately 
after summer harvest, which reduces insect populations and 
consequently the need for chemical control (Navarro et al., 
2002). 
Based on field tests of chilled aeration in low-moisture 
wheat stored in Michigan, Maier (1992) simulated chilling 
in the Midwestern region of the United States. The computer 
simulations showed that chilled aeration can lower the tem-
perature of 579 metric tons (t) of wheat from 30°C to 15°C 
in just one week. Continuous ambient aeration took 1.5 
times longer than that to cool the grain down to 10°C, which 
caused higher dry matter losses (DML). Other grain chilling 
field trials in 2,500 t wheat silos in central Kansas deter-
mined that the cost of chilling wheat from 32°C-35°C to 
15°C-17°C in six days was less than 0.16 $/t, while the cost 
  
  
Submitted for peer review in December 2018 as manuscript number
PRS 13252; approved for publication as a Research Article by the
Processing Systems Community of ASABE in May 2019. 
The authors are Alejandro Morales-Quiros, Graduate Student, Carlos
A. Campabadal, Outreach & Extension Specialist, Department of Grain
Science and Industry, Kansas State University, Manhattan, Kansas; Dirk E.
Maier, Professor, Department of Agricultural and Biosystems Engineering,
Iowa State University, Ames, Iowa; Sonia M.N. Lazzari, Consultant, Food,
Feed and Grain Industry,  Paraná, Brazil; Flavio Lazzari, Consultant,
Coolseed Co., Curitiba, Paraná, Brazil; and Thomas W. Phillips, Professor,
Department of Entomology, Kansas State University, Manhattan, Kansas.
Corresponding author: Carlos A. Campabadal, 1980 Kimball Ave,
Manhattan, KS 66506; phone: 785-532-3187; e-mail: campa@ksu.edu. 
W 
658  APPLIED ENGINEERING IN AGRICULTURE 
of fumigating and turning the non-aerated silo was 0.67 $/t, 
plus the additional shrink loss cost of approximately 7.5 t 
from the bulk (Hellemar, 1993). 
Maier et al. (1996) compared eight combinations of 
ambient aeration, fumigation, and chilled aeration strategies 
in three different locations of the United States by way of 
computer simulations. Chilling the grain below 17°C in a 
short period of time proved to be the best strategy to avoid 
DML and reduce the populations of maize weevil (MW) 
Sitophilus zeamais. Similar results were observed by Ileleji 
et al. (2007). Chilling temperatures have also had an effec-
tive control of Indianmeal moth (IMM) Plodia interpluctella 
in popcorn (Mason et al., 1997). 
In the subtropical region of Texas, Maier et al. (1992) 
used computer simulations to compare four ambient aeration 
strategies vs. grain chilling to preserve maize and rice under 
summer conditions. None of the ambient aeration strategies 
were able to lower the grain temperature below 28°C after 
three months of storage, while chilled aeration lowered the 
grain temperature to 15.5°C in 120-160 h with minimum 
moisture content (MC) variation (from 13.0% to 12.9%). 
In other latitudes, this technology has also proven to be 
effective for grain quality preservation. In the tropical state 
of Goiás, Brazil, Quirino et al. (2013) chilled 29,000 t of 
maize in a section of a flat storage bunker. Utilizing chilled 
aeration they were able to maintain the grain at an average 
temperature of 17.6°C for four months of storage. This 
significantly decreased the number of insects per kg of maize 
from 2.77 live insects/kg at the start of the storage period to 
2.23 live insects/kg after four months of storage, while in the 
section of stored maize that was aerated with ambient air the 
number of insects increased from 1.12 live insects/kg to 
3.74 insects/kg. 
In Rio Grande do Sul, Brazil, grain chilling was used as 
part of chemical-free program for rice storage. In this 
research trial grain temperature was successfully lowered 
from 32.9°C to temperatures between 12°C and 14°C in 
86 h. This helped keep the grain free of external insects for 
eight months (Lazzari et al., 2010). 
Although the most popular benefit of chilling grain is the 
effective control of insects, there are other benefits that come 
from the grain chilling technology, like the possibility of 
storing damp grain for a limited time, predictable drying ca-
pability and better preservation of end-use quality (Helle-
mar, 1993; Maier and Navarro, 2002). According to trials 
undertaken by Gonzalez-Torralba et al. (2013) in a Mediter-
ranean climate, and Mhiko (2012) in Zimbabwe, Southern 
Africa, wheat stored at temperatures lower than 15C will 
maintain its end-product quality for storage periods longer 
than five months. 
The objective of this research was to evaluate the 
advantages of using grain chilling technology to preserve the 
quality of wheat and reduce post-harvest losses caused by 
insects and fungi, compared to conventional aeration and 
storage strategies used during summer storage in central 
Kansas. 
MATERIALS AND METHODS 
This research was undertaken at the Wakefield Farmer’s 
Cooperative in Wakefield, Clay County, Kansas, from Au-
gust to November 2015 and from June to September 2016. 
The research trials were conducted in two 1,350 t steel silos 
of 11.3 m in diameter and 16.8 m in height from the concrete 
floor to the eave. Before the 2015 and 2016 harvests, the 
walls of the silos were cleaned up to 6 m from the floor with 
an air pressure hose after the wheat from the previous harvest 
had been unloaded. The remaining wheat on the floor of the 
silo was vacuumed out. These two silos were each equipped 
with two centrifugal fans with identical 10 hp (7.5 kWh) mo-
tors (Baldor Electric Co., Fort Smith, Ark.). The fans were 
installed at the bottom of the silo in a parallel arrangement. 
Both silos were filled almost completely with hard red win-
ter wheat (HRW) harvested in the summers of 2015 and 2016 
from several locations within a 24-km radius of Wakefield. 
One of the silos was chilled (Chilled silo) and the other one 
aerated with ambient air and used as a treatment control silo 
(control silo) managed by the Cooperative using their regu-
lar grain quality management strategies. 
GRAIN CHILLER SPECIFICATIONS AND SETUP OF TRIALS 
The grain chiller GCH-20 used in this project was pro-
vided by the Brazilian company Coolseed (Santa Tereza do 
Oeste, Brazil). This equipment had a rated capacity to chill 
100 to 170 t per 24 h of continuous operation in silos of up 
to 1,800 t and capable to overcome a static pressure of 
1,175 Pa, according to the manufacturer’s specifications. 
The grain chiller was connected to the silo through a 
4.6 m thermally insulated duct of 0.4 m diameter that was 
split by a “T” shape steel connector into two 1.8 m ducts of 
0.5 m diameter connected to the two inlets of the transitions 
of the aeration fans (fig. 1). Both aeration fans were removed 
to facilitate the entrance of chilled air from the grain chiller 
into the chilled silo. The air inlet setup inside the silo con-
sisted of two in-floor ducts (one per inlet) of 8.0 m long 
(7.4 m of perforated floor) and 0.76 m wide, with a separa-
tion between them and the side wall of 2.5 m and 3.5 m, re-
spectively. The silo’s roof had three outlet vents of 0.45 m in 
length and width, a suction fan of 15 hp (11.25 kWh), and a 
back-up fan of 0.75 hp (0.5 kWh) that occasionally worked 
during the length of the trials. 
MONITORING OF AIR CONDITIONS, GRAIN 
TEMPERATURE, AND MOISTURE CONTENT 
The conditions inside the chilled and control silos were 
monitored with temperature cables (TSGC Inc., Spirit Lake, 
Iowa) of 18.3 m in length with thermocouples every 1.8 m 
installed in three locations inside each silo. The cables were 
located at approximately 2.7 m from the silo walls in the 
West, North, and South directions (fig. 2). The temperatures 
measured by each of the cable sensors were recorded every 
hour using a wireless monitoring system model Grain TRAC 
(AgSense LLC., Huron, S. Dak.). Additionally, small porta-
ble battery-powered temperature and relative humidity (RH) 
sensors (HOBOS, Onset, Bourne, Mass.) were placed in the 
fan transitions to record the temperature and RH of the air 
coming into the silos. HOBOS were also placed outside of 
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the silos to record ambient conditions and inside the silos on 
the top of the grain mass. In the 2016 trials, additional HO-
BOS were placed in the fan outlet of the grain chiller and 
inside the steel “T” to determine how the temperature 
changed throughout the path of the air. 
Wheat MC was measured using a GAC 2500-UGMA 
(Dickey John, Auburn, Ill.). Wheat samples were taken every 
30 days from 15 August to 20 November 2015, and from 
1 July to 27 September 2016. Samples of approximately 
500 g were taken with a pneumatic vacuum probe (Gamet, 
Brooklyn Park, Minn.) next to each of the three temperature 
cables every 3 m in depth from the top of the grain mass to 
9 m in depth. The samples collected per cable were mixed 
together and homogenized to make up a composite sample 
per cable in each of the silos. The composite sample from 
each cable was considered a replication for the calculation 
of significant differences between sampling dates. Statistical 
analysis was performed using the SAS statistical software 
(SAS Institute Inc., N.C.). Statistically significant differ-
ences were analyzed with Tukey’s test (p < 0.05).  
INSECT PEST POPULATION MONITORING  
AND QUANTIFICATION 
Survival and Reproduction Rate Quantification 
The effect of chilled aeration on the survival rates of in-
sects was quantified using insect bioassays with the grain 
beetle species Lesser Grain Borer (LGB) Rhyzopertha dom-
inica and Red Flour Beetle (RFB) Tribolium castaneum. The 
bioassays consisted of plastic jars of 0.2 L with holes of ap-
proximately 0.05 m in diameter on the bottom and top, cov-
ered with wire mesh to allow circulation of chilled or ambi-
ent air while preventing escape of insects. The LGB jars 
were filled with approximately 70 g of wheat and 10 g of 
flour + 5% (wt:wt) yeast mix. The RFB jars were filled with 
40 g of broken kernels and 40 g of flour + 5% (wt:wt) yeast 
mix. This method was modified by the Stored-Product Ento-
mology Laboratory of Kansas State University from the 
original version described by Chen et al. (2015). 
In each of the silos, a bioassay jar of each species with 
an exact number of adult insects (50 in 2015 and 30 in 2016) 
was located in the center of the silo and next to each of the 
three temperature cables and buried 0.3 m below the grain 
surface. A fifth bioassay per species was located in each one 
of the fan transitions. In 2016, three jars of each species per 
location were placed in the grain mass and transitions. This 
modification was made to determine the effect of chilled aer-
ation over storage time. One jar from each location was re-
moved every 28 days. 
After jar removal, the number of dead and live adults were 
counted and then discarded. Grain with larvae, pupae, and 
eggs (if any) generated by adults were put back into the jars 
and placed in an incubator at approximately 27°C and 70% 
RH with 16 h of light and 8 h of dark for another 28 days. 
After this incubation, the number of adult insects in each jar 
was counted. The total progeny number was calculated by the 
total insect count (initial dead and live insects when cage was 
pulled out of the silo plus the adult progeny after 28 days in 
the growth chamber) minus the original number of adults put 
into the jar before placement in the silos. 
Statistical analysis was performed using the SAS statis-
tical software. Statistically significant differences were ana-
lyzed with Tukey’s test (p < 0.05).  
Endemic Insect Population Sampling 
Feral insect populations occurring inside the silos were 
sampled by placing five perforated insect probe traps model 
Storgard W.B. Probe II (Trece Inc., Adair, Okla.) of approx-
imately 0.6 m in length at 1.5 m from the walls at the North, 
South, East, and West of each silo, and also at the center of 
the silos. Probe traps are designed to trap insects moving 
through the wheat as they enter through the perforations and 
fall into a collecting tip at the bottom. Traps for this study 
 
Figure 1. Grain chiller GCH-20 setup: (a) Insulated duct connected to the chiller’s outlet at one end and to a “T” connector at the other, (b) Two
ducts attached to the fan transition after the aeration fans were removed. 
Figure 2. Location schematics of temperature cables, HOBOs,
roof fans, and vents in the silos from side and upper view, dur-
ing the trials in Wakefield Cooperative, Clay County, Kansas. 
660  APPLIED ENGINEERING IN AGRICULTURE 
were inserted vertically into the wheat so the top of the probe 
trap extended 0.02 m above the grain mass. 
Insect probe traps were checked every 28 days from 
15 August to 20 November 2015, and from 2 August to 
30 September 2016 (last samples were taken out earlier due 
to a structure damage on the chilled silo). Insects inside the 
probe traps were returned to the laboratory and identified to 
the genus level, and the adults of the predominant stored-
product insect pests were counted. 
Estimation of Potential Insect Fragments in Flour 
Wheat samples for this analysis were collected using the 
same procedure described to collect the MC grain samples. 
From each of the composite samples, a sub-sample of 500 g 
was obtained using a Boerner divider (Seedburo Equipment, 
Des Plaines, Ill.). The sample from each cable was consid-
ered a replication for the calculation of significant differ-
ences between sampling dates. 
Each of the sub-samples were sieved using a Carter Day 
Dockage tester (Seedburo Equipment, Des Plaines, Ill.). The 
material other than wheat that was sieved out (dockage) was 
analyzed under a magnifying glass to check for the presence 
of live insects. Afterwards, the samples were processed with 
a laboratory-scale Entoleter modified by the USDA-ARS 
Center for Grain and Animal Health Research (CGHAR) 
(Brabec et al., 2015). The rpm of the Entoleter was adjusted 
to obtain between 2.5% and 3% of breakage. After passing 
through the Entoleter, the sample was analyzed according to 
the procedure developed by Brabec et al. (2015). Finally, to 
detect any larvae or pupae, the remaining sample was put 
through an electrically conductive roller mill that created a 
distinguishable voltage signal between the two electrically 
charged steel rolls whenever there was an infested kernel in 
the sample (Pearson and Brabec, 2007). Each detection by 
the roller mill was assumed to represent one fragment. 
Statistical analysis was performed using the SAS statis-
tical software. Statistically significant differences were ana-
lyzed with Tukey’s test (p < 0.05). Through the model 
developed by Brabec et al. (2015), the average number of 
fragments per sample was related to the limit of 75 frags per 
50 g of flour established by the Food and Drug Administra-
tion (FDA, 1988). 
FUNGI IDENTIFICATION AND QUANTIFICATION 
Wheat samples for this analysis were collected using the 
same procedure described to collect the MC grain samples. 
The Boerner divider was used to make sub-samples of 250 g 
at each location sample. The sample from each cable was 
considered a replication for the calculation of significant dif-
ferences between sampling dates. The sub-samples were sent 
to the Seed Pathology Laboratory at Iowa State University, 
Ames, Iowa, for analysis as follows. 
Each sub-sample was ground individually (0.5 mm) us-
ing a Romer mill model 2A (Romer Labs, Union, Mo.). A 
sub-sample of 1.0 g was taken to make the dilutions of 1:100 
and 1:1000 using deionized water and 0.1 mL was spread on 
three replications of 1/3rd concentration potato dextrose agar 
(13 g PDA+ 5 g Bacto agar+ 120 mg Neomycin Sulfate+ 
200 mg of Streptomycin Sulfate+ 25 mg of Chlortetracy-
cline per L) producing six 100 mm diameter petri plates per 
sample, three for 1:100 and three for 1:1000. Afterwards, the 
plates were placed in an incubator at approximately 25°C, 
12 h photoperiod, and were checked 3 and 5 days later for 
the growth of Fusarium, Aspergillus, or Penicillium. The re-
sults were reported in CFU (Colony Forming Units)/g of 
wheat. Statistical analysis was performed using the SAS sta-
tistical software. Statistically significant differences were 
analyzed with Tukey’s test (p < 0.05). 
GRAIN AND FLOUR QUALITY ANALYSIS 
Wheat samples for the grain and flour quality analysis 
were collected using the same procedure described to collect 
the MC grain samples. In 2015, the samples were only col-
lected in the first two months of the trial, from 15 August to 
22 September, while in 2016, the sampling period was ex-
panded for one more month, from 1 July to 27 September. 
Grain Analysis and Grading 
The composite samples from each cable were combined 
into a silo sample, homogenized, and divided using the 
Boerner divider, so that for each sampling date there was one 
2,500 g sub-sample for the chilled silo and one for the con-
trol silo. 
The wheat grading procedure for MC, test weight, 
dockage, foreign material, damage, shrunken and broken, 
insect damaged kernels (IDK), and total defects was per-
formed by the Kansas Grain Inspection Service (KGIS) in 
Topeka, Kansas. 
Flour and Baking Quality Analysis 
From the composite samples of each cable, a sub-sample 
of 900 g was obtained using the Boerner divider. The sub-
sample from each cable was considered a replication for the 
calculation of significant differences between sampling 
dates. 
The sub-samples were evaluated in the Wheat Quality Lab 
(WQL) of Kansas State University. The variables analyzed 
were: MC and protein content (DA7200 NIR, Perten Instru-
ment, Hägersten, Sweden), and baking quality (AACC 10-
10.03 method). For the baking quality analysis, all samples 
were tempered to 15% MC by adding water at room tempera-
ture (~24°C) and mixing it in a custom-made tumbler with the 
wheat for 15 minutes. After mixing, wheat was tempered in a 
sealed container overnight before milling and then run 
through a mixograph (National Manufacturing Co., Lincoln, 
Neb.) before baking in order to estimate mixing time. 
Statistical analysis was performed using the SAS statis-
tical software (SAS Institute Inc., N.C.) Statistically signifi-
cant differences were analyzed with Tukey’s test (p < 0.05). 
ELECTRICAL COST OF CHILED AND  
AMBIENT AERATION STRATEGIES 
The energy consumption during the chilling treatment 
was measured using a kWh counter that was installed at the 
power inlet of the chiller. The energy consumed by the aera-
tion fans in the control silo was calculated according to the 
hours of operation reported by the Wakefield Cooperative. 
The costs of the ambient and chilled aeration processes were 
calculated based on the energy consumption, using an aver-
age cost of 0.084 $/kWh that was derived from the costs pro-
vided by the local electrical service provider, and 
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incorporated additional charges for basic service and con-
sumption fees. 
RESULTS AND DISCUSSION 
AMBIENT AND CHILLING AERATION TRIALS 
Trial of 2015 
The chilling period spanned intermittently from 22 Au-
gust to 14 September 2015, for a total of 314 h of active 
chilling (preliminary results of this trial in Morales-Quiros 
et al., 2016). The temperature front reached the top of the 
grain mass much sooner than the 314 h, but due to technical 
difficulties with the grain chiller during certain periods, the 
equipment was left running longer to test its capacity. The 
average temperature and RH of the chilled air entering the 
silo was 15°C and 70.5%, respectively. 
According to data collected in the air inlet of the silo, the 
average temperature of the air introduced into the chilled silo 
was 5°C above the set point (10°C) and showed substantial 
fluctuations in temperature (9°C to 28°C) and RH (37% to 
91%) during the trial. This was due to the warming of the 
chilled air flowing inside the insulated ducts, steel connector 
“T,” and fan transition as the daily ambient temperatures and 
solar radiation were high during that time of the year. During 
the trial, the ambient air fluctuated between 8°C and 37°C, 
with an average of 23°C. The average ambient RH was 63.5% 
with a minimum of 27.4% and a maximum of 93.1%. Maier 
et al. (1997) also observed a warming effect in the duct con-
necting the grain chiller to the silo inlet in their trials. 
Another contributing factor to the substantial fluctuations 
was likely the malfunction of the grain chiller during periods 
of the trial. When the chilled temperature got close to freez-
ing, one of the compressors shut down to slightly increase 
the temperature and avoid major damage to the electric sys-
tem. When the chilled temperature increased to 13°C, a ther-
mostat controller was supposed to turn on the second 
compressor, but it did not. As a result, the chilled tempera-
ture would increase up to 24°C and then the compressor 
would turn back on. This issue repeated several times 
throughout periods of the trial. 
The average airflow coming from the grain chiller into 
the treated silo was of 0.07 m3/min/t. The cooler air temper-
ature front reached the top of the silo on 2 September after 
175 h of treatment (fig. 3). Since it was not possible to install 
the temperature cables inside the silos in time for the start of 
the chilling treatment (22 Aug.), it is estimated that the initial 
grain temperature was approximately 28C in both silos, tak-
ing as reference the data of the HOBO inside the Chilled silo 
and the grain temperature observed inside the control silo af-
ter the temperature cables were installed on 27 August (fig. 
3). From the time the grain chiller was turned off on 14 Sep-
tember (indicated by vertical line in fig. 3) to 20 November, 
the average grain temperature in the Chilled silo was 17°C 
with a minimum of 11°C and a maximum of 19°C. 
In the control silo, the cooperative’s management turned 
on the aeration fans from 24 August to 5 October. Their aer-
ation strategy during the summer was based on turning on 
the fans when the ambient temperature was below 27C, and 
below 18C during the fall. The total active aeration time 
was 308 h, at an average airflow of 0.11 m3/min/t. The aver-
age temperature of the air going into the silo was 23°C, rang-
ing from 10°C to 34°C. The average RH was 50%, with a 
minimum of 16% and a maximum of 94%. The conditions 
of the air and the grain movement in September and October 
allowed the wheat in the control silo to cool down to 21C 
by late October and below 17C by mid-November, which 
was about two months after this temperature was reached in 
the chilled silo. According to Hagstrum and Subramanyam 
(2006), delayed cooling of grain can complicate the control 
of insect populations since for every month that cooling is 
delayed, insect populations can grow 5- to 25-fold their orig-
inal size. 
In 2015, the average initial MC inside the chilled silo and 
control was 11.4%. This MC did not change significantly 
(p > 0.05) in the chilled silo, while in the control silo the av-
erage MC decreased significantly (p < 0.05) by 0.5% during 
the last two months (October and November) of evaluation. 
Trial of 2016 
The 2016 grain chilling trial started on 21 June, a week 
after harvest season started, and ran intermittently until 
12 July, for a total of 384 h of active chilling at an average 
airflow of 0.06 m3/min/t, approximately the same airflow 
 
Figure 3. Grain temperature profile (°C) of the grain mass inside the control and chilled silos from 27 Aug. to 20 Nov. 2015 located at the Wakefield 























662  APPLIED ENGINEERING IN AGRICULTURE 
rate of the previous year. Both silos were continuously 
loaded with incoming grain from the field until 27 June, and 
then they were cored the week after. 
The average air temperature into the chilled silo measured 
at the transition was 15°C, with a minimum of 11°C and a 
maximum of 24.5°C. The average RH was 72.6%, with a 
minimum of 38.7% and a maximum of 92.2%. The average 
conditions of the chilled air into the silo were similar to those 
in 2015 perhaps due to the persistent irregular performance 
of the thermostat controller, even though the controller was 
replaced. 
The additional HOBO sensors placed in the steel “T” con-
nector and chiller outlet in 2016 showed that the temperature 
of the chilled air from the grain chiller was 12.5C and in-
creased by an average of 1C in the steel “T” and by 3°C in 
the transition. The temperature differential between the 
chiller outlet and transition of the silo reached a maximum 
of approximately 10C during the warmer hours of the day 
and a minimum of 0.5C during the cooler hours (especially 
at night). The RH out of the grain chiller was 85% and de-
creased by an average of 13% in the transition. 
The average initial temperature of the grain inside the 
Chilled silo was 39°C (fig. 4), which was higher than the in-
itial grain temperature in the 2015 trial. After 245 h of active 
chilling the average temperature of the grain reached 17.6°C, 
approximately the same temperature as the minimum ob-
served in 2015. These results are also comparable to those 
observed in other studies using the same grain chilling tech-
nology, but with lower initial grain temperature (below 
27°C) and ambient conditions less extreme (13°C-27°C) 
(Lazzari et al., 2006; Quirino et al., 2013). 
During the chilling period, the average ambient temper-
ature was 26°C, with 16.5°C and 38°C as minimum and max-
imum, respectively. The average relative humidity was 
63.8%, with 22.7% and 91.2% as minimum and maximum, 
respectively. Overall, the ambient conditions during the 
2016 chilling trial were much warmer than the ones observed 
during the 2015 trial. Even so, the chiller performance was 
comparable to the previous year. 
From 8 to 12 July, an alternative chilling strategy was 
implemented to avoid the affects from the extreme ambient 
temperatures during the day. During this period the grain 
chiller was on only during the late evening to early morning 
hours which helped narrow the variation of the chilled air, 
but the grain temperature inside the Chilled silo was not sub-
stantially lowered. Actually, it slightly increased the average 
temperature of the wheat (fig. 4), probably because of the 
heat gained by the grain mass through the silo wall and roof 
during the day, so when the grain chiller was turned on at 
night that heat gain had to be removed in addition to contin-
uing the grain chilling cycle. This strategy lowered the effi-
ciency of the chilling process and caused a rewarming effect 
overall instead of a cooling effect. 
After the grain chiller was turned off on 12 July (indicated 
by the vertical line in fig. 4), the average temperature of the 
wheat inside the chilled silo was 22°C, with a minimum of 
18°C and a maximum of 25°C. The extreme high ambient 
temperatures during most of July (over 32°C), the issues 
with the grain chiller, and the constant movement of grain, 
made it difficult to maintain the wheat temperature below the 
optimum insect development threshold of 25°C to 33°C 
(Fields, 1992). 
On 2 September a rechilling cycle was conducted to bring 
the grain temperature back down. This slightly decreased the 
temperature inside the chilled silo, but the issues with the 
thermostat controller persisted, so the temperature started to 
increase again. Therefore, the rechilling was stopped on 
7 September and the aeration fans were reinstalled to aerate 
the wheat when the ambient temperature was below 20°C. 
The average temperature inside the chilled silo was 24°C by 
that time. On 26 September, the ambient aeration fans were 
activated and after 23 h of active aeration at an average tem-
perature of 16°C and 54% RH, the average grain temperature 
was reduced to 23°C. 
During the night of 29 September, one of the wall sheets 
of the chilled silo cracked and part of the silo split open re-
sulting in more than 136 t of wheat spilling on the ground. 
The remaining wheat inside the silo had to be moved to an-
other silo to fix the crack. Given the incident it was decided 
to terminate the trial on this date. 
In the control silo the initial wheat temperature was 
34°C. The aeration fans were activated from 20 June until 
27 September using the same criteria as the previous year. 
The total fan run hours were 371, and the average tempera-
ture of the air into the control silo was 26°C, with 11°C min-
imum and 39°C maximum. The average RH of the air into 
 
Figure 4. Grain temperature profile (°C) of the grain mass inside the control and chilled silos from 20 June to 29 Sep. 2016 located at the Wakefield 
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the control silo was 54.7%, with 24% minimum and 98% 
maximum. Given the conditions of the air into the control 
silo, the average wheat temperature throughout the trial was 
29°C (fig. 4). The lowest temperature achieved was 25°C by 
late September. During the trial period there was also some 
loading and unloading of wheat, mainly during August and 
September. This had some influence on the average grain 
temperature during the trial. 
The initial average MC inside the chilled silo in 2016 was 
10.2% and did not change significantly (p > 0.05), while in 
the control silo the initial average MC was 10.6%, and it de-
creased significantly (p < 0.05) by 0.6% based on the last 
sampling date (September). This was about the same pattern 
observed in 2015. This result suggests that shrink loss can be 
reduced by using grain chilling, which has a direct impact on 
the income of the grain facility because shrink loss repre-
sents a loss of weight of the bulk to be sold (Navarro et al., 
2012). 
EFFECT OF CHILLED AERATION ON INSECT 
REPRODUCTION AND SURVIVAL RATE 
In 2015 there was a significant difference in insect popu-
lation growth observed between the chilled and control silos 
after only 28 days inside the silos. The average temperature 
and RH at the grain surface of the chilled silo during the 
28 days were 19°C and 49%, respectively, and in the control 
silo it was 27C and 63%, respectively. These contrasting 
conditions, especially temperature-wise, apparently facili-
tated an increase of almost 1000 LGB individuals in the con-
trol silo and only two in the chilled silo (table 1). 
In the fan transitions of the 2015 trial there was an in-
crease of 768 LGB adults in the control silo and only one in 
the chilled silo. The temperature and RH in the transitions of 
the chilled silo were 17C and 69%, respectively, and in the 
control silo were 25C and 60%, respectively. 
The temperatures of 17C and 19C on the top of the 
grain mass and transition of the chilled silo, respectively, are 
considered “safe” because population growth is almost in-
significant at these temperatures (Navarro et al., 2002). 
In 2016, the bioassays in the transitions were placed in-
side the silo 16 days before the ones on the top of the grain 
mass because the silos were not yet fully loaded when the 
grain chiller was first activated. During August and Septem-
ber some additional wheat was loaded and unloaded from the 
silo which required the bioassays to be removed and held in 
a controlled temperature room. This extended the sampling 
time to late September when the sheets of the chilled silo 
collapsed, which caused the loss of the last bioassays on the 
top of the grain mass. The ones in the control silo had to be 
retrieved earlier. 
The average temperature and RH in the chilled silo dur-
ing the 68 days the bioassays were inside the silos were 23C 
and 52%, respectively, and in the control silo they were 31C 
and 57%, respectively. Although the average temperature in-
side the chilled silo was lower, the fast temperature rise due 
to issues discussed above may have contributed to the LGB 
bioassays have adult progeny numbers similar to those in the 
control silo. According to Burks et al. (2000), if temperature 
increases after the insect has been exposed to non-lethal cold 
temperatures, the pest population may recover from the brief 
slowing in growth rate and develop similarly to non-chilled 
insects. 
The average temperature of the air in the transitions of the 
chilled silo were 24C and 75%, respectively, and in the con-
trol silo they were 26.5C and 68%, respectively. Although 
this was not a large difference between the silos, the average 
temperature in the transition of the chilled silo while the grain 
chiller was running was approximately 13C, and when the 
chiller was disconnected there were periods in which the tem-
perature increased over 33C, which is the upper limit of the 
optimal insect development range (Fields, 1992). These ex-
treme temperatures likely slowed down the development rate 
of the insects in the transition of the chilled silo. 
The results of the RFB bioassays in 2015 showed that the 
development rate of this species was also significantly reduced 
by the lower temperatures inside the chilled silo (table 2). 
In 2015, the difference in RFB progeny numbers between 
the chilled and control silos was not as great as with LGB 
(table 1) because the number of new RFB adults in the con-
trol silo was not very high. It was observed that most of the 
new individuals in the bioassays of the control silo were still 
in the larval stage after 56 days in the silo and growth cham-
ber. Considering that the development from egg to adult in 
this species takes about 40 days at temperatures of approxi-
mately 25°C (Mahroof and Hagstrum, 2012), it is possible 
that other factors like food availability or insect behavior 
may have influenced the slower growth rates in the control 
silo (Mason, 2009). 
The temperature rise on the top of the grain mass of the 
chilled silo in 2016 likely contributed to the increase in popu-
lation growth rate in the RFB bioassays, similar to the situa-
tion observed with the LGB bioassays (table 1). According to 
Reed and Arthur (2000), the effect of low temperature on in-
sect development rate is most noticeable when the tempera-
tures decreases below suboptimal levels (13°C-20°C), which 
was briefly achieved during a short period of time of this trial. 
Table 1. Total progeny number (mean±SE) of adults of LGB out of 
the original 50 for 2015 and 30 for 2016 bioassays located 0.3 m  
below the grain surface and in the fan transitions  
of the chilled and control silos. 
Year 
 Days in 
the Silo 
 Location  
in the Silo  
Silo[a] 
  Chilled Control 
2015 
 28  
0.3 m below 
grain surface 
 2.3 ±0.7B 974.3 ±33.7A 
 28  Transition  1.0 768.0 
2016 
 28  
0.3 m below 
grain surface 
 767.5 ±166.0A 765.8 ±53.8A 
 28  Transition  82.0 978.0 
 56  
0.3 m below 
grain surface 
 1134.5 ±189.1A 1349.8 ±224.8A 
 56  Transition  855.0 2063.0 
 68[b]  
0.3 m below 
grain surface 
 [c] 1484.6 ±116.5 
 84  Transition  776.0 [d] 
[a] Mean values with the same letter within the same line are not signifi-
cantly different by Tukey’s test (p > 0.05). 
[b] Trial terminated earlier due to crack in Chilled silo. 
[c]  Bioassays lost when the chilled silo cracked. 
[d] Bioassay destroyed by rodent activity. 
664  APPLIED ENGINEERING IN AGRICULTURE 
 In the transitions, the difference between the chilled and 
control silos was approximately 1,000 new adults in the first 
and last sampling date. The extreme temperatures higher 
than 33°C and lower than 20°C in the transition of the chilled 
silo likely had an effect on RFB population growth similar 
to that observed for LGB. 
INSECT POPULATIONS FOUND IN CHILLED  
AND CONTROL SILOS 
In both years, the species found in the probe traps of both 
silos were basically the same. The highest number of miscel-
laneous insects found in the traps were foreign grain beetle 
(FOGB) Ahasverus advena and hairy fungus beetle (HFB) 
Typhaea stercorea. Their presence could be related to the 
presence of dust layers in the top part of the silo walls and 
underside of the roof, which create a good media for sur-
vival, development, and reproduction (Hagstrum and 
Subramanyam, 2006). 
The main insect pests found in the probe traps of both 
silos were: flat grain beetle (FGB) Cryptolestes spp., flour 
beetle (FB) Tribolium spp., sawtoothed grain beetle (STB) 
Oryzaephilus spp., and grain weevil (WEV) Sitophilus spp. 
In 2016, some adults of lesser grain borer (LGB) Rhyzoper-
tha dominica were also found. 
On the first sampling date of 2015 the number of insects 
were quite low in both silos, although the population of FGB 
and FB were slightly higher in the control silo (table 3). 
Throughout the trial, the populations of these genera increased 
faster in the control silo than in the chilled silo, probably be-
cause of the temperature below 20°C in the chilled silo. 
On 22 September, more STB and WEV were found in the 
chilled silo than in the control silo. The reason could have 
been that these genera were in competitive disadvantage 
with the high populations of FB and FGB. 
During most of October the probe traps had to be taken out 
of the control silo because the wheat was partially unloaded. 
Therefore, no results were quantified during that month. By 
20 November, the temperature in the control silo had de-
creased to 18°C due to the movement of wheat that diminished 
the insulation effect and additional aeration with cooler air 
during the previous month, but even so the FGB and FB pop-
ulations remained high in the control silo (table 3). 
FGB and FB were also the most abundant genera in 2016 
probe traps, with larger numbers observed in the control silo 
(table 3). These results were similar to those reported by 
other research conducted in Kansas and Oklahoma stored 
wheat (Reed et al., 1989; Toews et al., 2005). Adult beetles 
of the genera trapped here are known to be active, which 
makes them more prone to be caught in the traps as they 
move through the grain mass (Cuperus et al., 1990). 
CALCULATION OF INSECT FRAGMENTS 
The overall results of the laboratory Entoleter and 
conductive roller mill were below 0.5 ±0.2 and 0.3 ±0.3 
insect fragments per 500 g in 2015 and 2016, respectively. 
This was well below the FDA action limit of 75 flour-frags 
per 50 g of flour according to the prediction model devel-
oped by Brabec et al. (2015). 
The number of insect fragments did not increase 
significantly (p > 0.05) throughout the sampling period in 
either of the silos and sampled years, which means that the 
number of whole live and dead insects in the grain samples 
remained low and relatively unchanged throughout the sam-
pling period. Although our probe trap counts had high num-
bers of some of the species in both years, these may not be 
useful to predict high fragment counts in finished flour from 
these silos. This can be explained by the difference in the 
sampling methods and the fact that insect populations are 
generally higher in the top layers of the grain mass where the 
probe traps are inserted (Hagstrum and Flinn, 2012). If grain 
samples had been taken throughout the grain masses they 
may have yielded very low density estimates that could then 
result in very low fragment counts. 
Table 2. Total progeny number (mean±SE) of adults of RFB out of the original 50 for 2015 and 30 for  
2016 bioassays located 0.3 m below the grain surface and in the fan transition of the chilled and control silos. 




 28  0.3 m below grain surface  5.3 ±1.4B 21.3 ±5.6A 
 28  Transition  0.0 7.0 
2016 
 28  0.3 m below grain surface  988.8 ±81.9A 880.0 ±88.3A 
 28  Transition  29.0 1090.0 
 56  0.3 m below grain surface  1393.3 ±209.2A 1496.3 ±108.6A 
 56  Transition  639.0 [b] 
 68[c]  0.3 m below grain surface  [d] 1501.5 ±141.2 
 84  Transition  1030.0 1980.0 
[a] Mean values with the same letter within the same line are not significantly different by Tukey’s test (p > 0.05). 
[b] Bioassay destroyed by some kind of rodent.  
[c]  Trial terminated earlier due to crack in chilled silo. 
[d]  Bioassays lost when the chilled silo cracked. 
Table 3. Total number of main stored-product pests found in  
probe traps of the chilled and control silos on 15 Aug., 22 Sep.,  
and 20 Nov. 2015, and 2 Aug., 20 Sep., and 30 Sep. 2016. 
Silo 





  08/15 09/22 11/20 08/02 09/20 9/30[a] 
Chilled 
 FGB  27 84 131  9 171 
[b] 
 FB  1 80 74  5 78 
[b] 
 STB  0 37 2  5 0 
[b] 
 WEV  0 10 270  1 29 
[b] 
 LGB  0 0 0  2 0 
[b] 
Control 
 FGB  33 3280 1236  44 719 328 
 FB  4 1350 142  13 722 1241 
 STB  0 4 0  3 0 0 
 WEV  1 0 1  0 8 12 
 LGB  0 0 0  0 4 0 
[a] Trial terminated earlier due to the accident in chilled silo.  
[b] Probe traps lost when the chilled silo cracked. 
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FUNGI IDENTIFICATION AND QUANTIFICATION 
The most common fungi in the 2015 and 2016 trials 
found in both silos was Fusarium spp. (table 4). Fusarium 
spp. was detected from the first sampling date in 2015, which 
indicates that the grain was likely inoculated in the field. Ac-
tually, it is more common to find Fusarium spp. in fields 
worldwide, than in storage (unless grain is stored at high 
MC) because it requires higher ERH (over 85%) to germi-
nate and develop (Christensen and Meronuck, 1986; 
Woloshuk and Moreno Martinez, 2012). Since the ERH in-
side the silos was below 70%, the inoculum did not increase 
significantly in either silo. 
Penicillium spp. was sporadically detected in both silos 
but they were quite low, especially in the chilled silo, and 
there was no significant growth over the storage period in 
either of the silos. There was no detection of Aspergillus spp. 
in 2015. 
Fusarium spp. was also detected right from the first sam-
pling date in 2016, but again the CFU/g of wheat did not 
increase significantly throughout the trial due to the low 
ERH inside both silos. On the last sampling date of that year, 
the concentration (CFU/g) of Fusarium spp. increased to 
2,000 in the chilled silo, and although it was not statistically 
significant it was indeed noticeable. The reason for this 
could have been that the new grain loaded during August and 
September had higher concentrations of broken material as 
indicated by the grain quality analysis (table 5). This mate-
rial is more susceptible to fungi and can be infected at lower 
MC (Christensen and Meronuck, 1986). This may have also 
been the reason Aspergillus spp. was detected in September. 
There was no detection of Penicillium spp. that year. 
Overall, it seems that temperature had little effect on 
fungi colonies because the wheat in both years was stored at 
MCs between 10% and 11% (ERH<70%), which are consid-
ered safe for storage (Christensen and Meronuck, 1986). 
GRAIN QUALITY EVALUATION 
There was no difference in grade in 2015 and 2016 from 
samples taken before and after the chilling treatment in 
either of the silos (table 5). According to the KGIS officials, 
the variations of the quality values from one date to the next 
were low enough to be considered sampling errors. Similar 
results were obtained by Reed et al. (1989) after they 
evaluated 31 wheat silos for approximately seven months 
and did not see substantial variations of the quality indices 
during the storage period, except for IDK that increased sig-
nificantly by the end of the storage period. In the present 
study, IDK remained very low throughout the sampling pe-
riod. In 2015 only one IDK/100 g was detected in the chilled 
silo in each sampling date, while in 2016, only one IDK was 
detected in the control silo in the last sampling date (table 5). 
FLOUR AND BAKING QUALITY EVALUATION 
The flour and baking quality analysis of the chilled silo in 
2015 did not show any significant variation of the quality 
parameters between the August and September sampling 
dates (table 6), while in the control silo there were significant 
decreases of flour protein, mix time, and loaf volume. Mhiko 
(2012) also observed that in wheat stored at 15C, quality 
parameters like protein content remained basically un-
changed, while at ambient temperatures between 20C and 
40C protein decreased significantly throughout the storage 
period. 
The lower protein content observed in the control silo on 
the second sampling date may be explained by the higher 
grain temperature of approximately 27C. Higher tempera-
tures during storage tend to increase the proteolytic activity 
in wheat, which contributes to the endo- and exopeptidases 
to break the polypeptide bonds into simple peptide chains 
and thus decrease the measured protein content (Mhiko, 
2012). It has also been demonstrated that higher tempera-
tures tend to decrease the baking quality. Gonzalez-Torralba 
(2013) observed that at temperatures of approximately 30°C 
during storage, dough extensibility decreased while tenacity 
Table 4. Number of colony forming units (CFU) (mean ±SE) of Fusarium spp., Aspergillus spp., and Penicillium spp. found per gram of wheat 
in samples collected from the chilled and control silos from 15 August to 20 November 2015, and from 1 July to 27 September 2016. 
Year 




Control Silo[a]  
 Fusarium spp. Aspergillus spp. Penicillium spp. Fusarium spp. Aspergillus spp. Penicillium spp. 
2015 
 August  
 166.7 ±66.7 0.0 33.3 ±33.3  300.0 ±57.7
 0.0 0.0 
 September 
 33.3 ±33.3 0.0 0.0  66.7±33.3
 0.0 66.7 ±33.3 
 October 
 133.3 ±33.3 0.0 0.0  133.3 ±133.3
 0.0 133.3 ±88.2 
 November 
 33.3 ±33.3 0.0 33.3 ±33.3  0.0
 0.0 0.0 
2016 
 July  
 44.4 ±29.4 0.0 0.0  77.8 ±48.4
 0.0 0.0 
 August  
 44.4 ±44.4 0.0 0.0  133.3 ±33.3
 0.0 0.0 
  September  2,000.0 ±1151.0 66.7 ±66.7 0.0  77.8 ±44.4
 11.1 ±11.1 0.0 
[a]  No significant differences were found among different sampling dates within the same year, silo and species according to Tukey’s test (p > 0.05) 
(n=3). 
Table 5. Grain quality analysis of wheat stored in the chilled and control silos from samples taken  













Insect Damaged  







Insect Damaged  
Kernels (#/100 g) Grade 
2015 
August  11.4 0.7 0.3 1.0 1  11.4 0.8 1.0 0.0 1 
September  11.3 1.3 0.7 1.0 1  11.2 0.4 0.9 0.0 1 
2016 
July  10.5 0.0 0.5 0.0 1  10.7 0.3 0.9 0.0 1 
August  10.6 0.0 0.4 0.0 1  10.7 0.0 0.9 0.0 1 
September  10.7 0.4 1.2 0.0 1  10.4 0.0 0.9 1.0 1 
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and strength increased due to enhanced oxidation of thiol to 
disulfide groups. Similar observations were made by 
Wrigley and Batey (2012). This has a negative impact on 
loaf volume (Gras et al., 2001). 
In 2016 there were no significant variations for any of the 
flour quality factors for either of the silos after three months 
of storage, except for the mixing time of the dough coming 
from the wheat stored in the chilled silo (table 6). Since this 
was the only factor that saw any significant variation through-
out the trial, it is probable that the reason was a change in the 
protein quality not the protein quantity. As the grain quality 
results showed (table 5), the grain loaded in August and Sep-
tember into the chilled silo had more damaged kernels, and 
these kernels usually have higher enzyme activity that slightly 
alter gluten quality and strength. This is indirectly estimated 
by the mixing time through the determination of dough stabil-
ity during mixing (longer mixing time, higher stability) 
(Serna-Saldívar, 2010; U.S. Wheat Associates, 2007). Never-
theless, this did not affect the overall baking quality, probably 
because the protein content was quite stable throughout the 
storage period which maintained balance that avoided any det-
rimental effect on the end-product quality. 
 POWER CONSUMPTION AND COST ANALYSIS 
In 2015, the power consumption of the grain chiller from 
22 August to 14 September was 8,794 kW (28-kWh average 
load) for a total of 314 h of active chilling. This resulted in 
an electrical cost of 2.35 $/h and 0.54 $/t (table 7). In the 
control silo the power consumption of the two centrifugal 
fans (7.5 kWh average load each) from 24 August to 5 Oc-
tober 2015, was 4,620 kW for 308 fan run hours. This re-
sulted in an electrical cost of 1.26 $/h and 0.28 $/t (table 10). 
The difference in cost between the ambient and chilled aer-
ation was 0.26 $/t. 
In 2016, both the grain chilling and ambient fan run hours 
increased to 384 and 371 h, respectively, which increased the 
unit cost of grain chilling to 0.66 $/t, and 0.34 $/t for the 
ambient aeration fans in the control silo. The cost difference 
between the ambient and chilled aeration was 0.32 $/t. 
In both years, the cost of grain chilling was nearly double 
that of ambient aeration. These results agree with those 
reported by Quirino et al. (2013). Nevertheless, it has to be 
taken into consideration that the temperature of the chilled 
silo was reduced to considerably lower levels 
(approximately 17°C) in only 175 h in 2015 and 245 in 2016, 
with basically no shrink loss. It also has to considered that 
the cost analysis did not include pest control fumigation cost 
because this was not required during the trials. However, 
previous research trials have demonstrated that grain chilling 
is economicallly feasible compared to the use of ambient 
aeration plus fumigation. Maier et al. (1997) determined that 
the annual operting cost for chilling wheat from 25C- 27C 
to 15C-17C in 182-240 hours would lower the costs by 
1.48 $/t compared to in-house fumigation plus ambient 
aeration. Rulon et al. (1999) determined that a management 
strategy based on grain chilling would lower the exposure of 
a grain elevator business to changes in input price levels such 
as fumigation materials and labor, and would also be highly 
competitive in a market where post-harvest pestcide-free 
grain is demanded. 
CONCLUSION 
The 2015 trial demonstrated that the grain chiller was ca-
pable of lowering the average temperature of 1,350 t of 
wheat from 28°C to 17°C in 175 h. In 2016 the grain tem-
perature was lowered from 38°C to 17.6°C in 245 h. In both 
years the shrink loss was approximately 0.2%. Using ambi-
ent aeration, the average grain temperature inside the control 
silo remained above 25°C all summer during both years. 
Shrink loss was approximately 0.5%. 
The stable low grain temperatures of 17°C in the chilled 
silo in 2015 significantly slowed down the development rate 
of RFB and LGB, but the increasing trend of the grain tem-
perature from 17.6°C to more than 25°C in the chilled silo in 
2016 prevented that effect. 
Table 6. Flour and baking quality analysis (mean ±SE) of wheat stored in the chilled and control silos  
from samples taken 15 August and 22 September 2015, and from 1 July to 27 September 2016. 






















 August  11.1 ±0.1A 63.8 ±0.2A 3.7 ±0.1A 741.1 ±42.5A  11.9 ±0.2B 64.7 ±0.3A 3.5 ±0.1B 818.3 ±2.9B 
 September  11.0 ±0.1A 64.3 ±0.3A 3.4 ±0.0A 814.3 ±7.9A  11.3 ±0.1A 65.3 ±0.3A 3.0 ±0.1A 767.0 ±3.0A 
2016 
 July  8.9 ±0.1A 59.0 ±0.0A 3.4 ±0.2A 657.7 ±20.5A  9.0 ±0.2A 59.3 ±0.3A 3.2 ±0.4A 673.7 ±7.4A 
 August  9.2 ±0.1A 59.3 ±0.3A 3.0 ±0.1AB 630.3 ±20.5A  9.1 ±0.1A 59.3 ±0.3A 3.7 ±0.4A 671.0 ±13.4A 
 September  9.3 ±0.2A 59.7 ±0.3A 2.9 ±0.2B 661.7 ±21.3A  9.0 ±0.1A 59.0 ±0.0A 3.2 ±0.0A 657.7 ±10.1A 
[a]  Mean values with the same letter within the same silo and quality variable but at different sampling dates are not significantly different by Tukey’s 
test (p > 0.05) (n=3). 
Table 7. Power consumption (kWh) and cost per hour ($/h) and metric ton ($/t) for running chilling and ambient aeration in 2015 and 2016. 
Year  Silo  
Average Load  
(kWh) 
Hours of  
Operation 
Total Energy  
Consumption (kW) $/h[a] $/t[a] 
2015 
 Chilled  28[b] 314 8,794 2.35 0.54 
 Control  15[c] 308 4,620 1.26 0.28 
2016 
 Chilled  28[b] 384 10,752 2.35 0.66 
 Control  15[c] 371 5,565 1.26 0.34 
[a]  Based on an average cost of 0.084 $/kWh.  
[b]  Average load of system: 1 centrifugal fan of 7.5 kW + 2 axial fans of 950 W/ea + 2 compressors of 9.325 kW/ea. 
[c]  Two centrifugal fans of 7.5 kWh/ea. connected to the control silo. 
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The lower grain temperatures in the chilled silo drasti-
cally decreased the populations of the most common insect 
species found in both years, i.e., FGB and FB. The most 
common internal-feeder found in the probe traps was WEV, 
which was found in the chilled silo in 2015 and in both silos 
in 2016, but actual numbers of these internal-feeding insect 
were likely very low as IDK values were either 0 or 1 in all 
cases. The detection of insect fragments did not increase sig-
nificantly throughout the trials neither did it exceed the FDA 
threshold for insect fragments found in flour. 
The fungi results demonstrated that the low wheat MC 
prevented significant fungi growth in the silos, independent 
of temperature. Nevertheless, it was observed that if the con-
centration of broken kernels increases, this may increase the 
possibility of fungi presence. 
The inconsistent results of the flour and baking quality 
analysis did not allow to draw definitive conclusions on the 
effect of temperature during storage on end-product quality. 
The cost analysis of the trials based only on power con-
sumption of both aeration strategies, showed that the cost of 
grain chilling is between 0.26 $/t- 0.32 $/t higher than ambi-
ent aeration. 
Overall, this research indicates that grain chilling is a 
technically viable alternative to control insect populations 
during summer storage as long as the grain temperature re-
mains below 20°C. It also has potential in the preservation 
of good end-product quality, and this should be further ana-
lyzed in future research along with the effect of chilled tem-
peratures in high-moisture grain and the viability of grain 
chilling in post-harvest pestcide-free programs 
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